Abstract-When, in addition to stability, position synchronization is also desired in bilateral teleoperation, Time Domain Passivity Approach (TDPA) alone might not be able to fulfill the desired objective. This is due to an undesired effect caused by admittance type passivity controllers, namely position drift. Previous works focused on developing TDPAbased drift compensation methods to solve this issue. It was shown that, in addition to reducing drift, one of the proposed methods was able to keep the force signals within their normal range, guaranteeing the safety of the task. However, no multiDoF treatment of those approaches has been addressed. In that scope, this paper focuses on providing an extension of previous TDPA-based approaches to multi-DoF Cartesian-space teleoperation. An analysis of the convergence properties of the presented method is also provided. In addition, its applicability to multi-DoF devices is shown through hardware experiments and numerical simulation with round-trip time delays up to 700 ms.
I. INTRODUCTION
Despite being able to autonomously fulfill a significant range of objectives, state-of-the-art robots still need human assistance to perform more complex or unforeseen tasks [1] . The level of human participation in robotic tasks can range from supervised autonomy [2] to direct teleoperation [3] . In the latter, an important characteristic of the telemanipulation setup is to be able to passively interact with the environment and the human operator. Among the passivity-based telemanipulation approaches [4] , [5] developed to solve that issue, Time Domain Passivity Approach (TDPA, [6] , [7] ) presents the advantage of adapting the energy dissipation necessary to passivate the teleoperation channel based on measurements of the flow and effort variables acting on the system. This characteristic allows the implementation of a model-independent passivity observer and passivity controller (PO-PC) pair, which is robust to varying time delays and package loss in the communication channel. The adaptive characteristic of TDPA results in better performance compared to other passivity-enforcing controllers for teleoperation, e.g. wave-variable methods (see [8] ).
Nevertheless, in spite of being able to render the communication channel passive, TDPA presents the drawback of creating position drift between master and slave devices whenever the PO-PC pair is applied in admittance configuration, which is necessary in many telemanipulation architectures ( [3] , [7] , [9] ). In order to tackle this issue, Fig. 1 : Suspended Aerial Manipulator from [13] , whose model was used to validate the proposed approach.
Artigas et al. [10] proposed a compensator that modifies the existing PO-PC in order to inject energy into the system to compensate for the existing drift. Later, Chawda et al. [11] adapted Artigas' compensator in order keep the original TDPA formulation by using a virtual velocity injection source before the PO-PC. Despite being able to successfully compensate for the drift, these methods generate force spikes when the compensation action is allowed into the system after drift has been accumulated. In order to achieve position synchronization while keeping the forces within their normal range, a TDPA-based drift compensator was developed by the authors [12] . In that paper, the previously existing compensation methods were adapted to produce smoother signals while removing the drift. The efficacy of TDPA-based compensation methods was experimentally shown through application to one-degree-of-freedom (1-DoF) devices or in a concatenated manner, treating each DoF as an independent system. Nevertheless, no multi-DoF application of those compensators has been tackled to this date.
In light of that, this paper aims at providing an extension of the previously presented drift compensators [10] , [11] , [12] to multi-DoF robotic systems. In addition, a convergence analysis is provided. It is shown that, if the gains are kept within a given range and if allowed by the passivity condition, the presented method is able to successfully reduce the accumulated drift caused by admittance type passivity controllers (PCs) in TDPA. Together with the previously presented single-DoF analyses, this paper contributes to demonstrating the effectiveness of the TDPA-based drift compensators and their applicability to different teleopera-tion setups. In this paper, in addition to hardware experiments with commercially available haptic devices, teleoperation of the dynamic model of a Suspended Aerial Manipulator [13] (see Fig. 1 ) is simulated.
II. DYNAMICS OF KINEMATICALLY REDUNDANT MANIPULATORS
The dynamic model of a robotic manipulator with n joints can be written as
where q ∈ R n is a set of generalized coordinates, M (q) ∈ R n×n is the inertia matrix, C(q,q)q ∈ R n is a vector of Coriolis and centrifugal forces, and g(q) ∈ R n is the gravitational generalized torque vector. The generalized torque vector τ ∈ R n is the sum of control and external torques. In case kinematically redundant robots are considered, where the number of Cartesian task coordinates x(q) ∈ R m is less than the number of joint generalized coordinates, i.e., m < n, the set of task coordinates can be extended to
where v n ∈ R n−m is the set of nullspace velocities. J (q) is the Jacobian matrix that maps generalized to Cartesian coordinates. Under the assumption of full row rank of J (q), the matrix N (q) can be constructed as [14] 
where Z(q) is a full row rank nullspace base matrix, such that J (q)Z(q) T = 0. Such formulation allows the manipulator dynamics to be written as
The choice of N (q) as in (3) generates a block diagonal matrix Λ(q). By compensating the gravity torque g(q) and the cross-coupling terms of µ(q,q) such that the nullspace task has no influence on the Cartesian one [14] , the dynamics of the Cartesian-space task can be rewritten as
where F x ∈ R m is a Cartesian-space wrench. The above described dynamic decoupling allows for the application of TDPA for Cartesian-space teleoperation of kinematically redundant manipulators without having to take the energy generated by the nullspace task into account.
III. TIME DOMAIN PASSIVITY APPROACH

A. Overview
In contrast to methods where a damping element is designed for the worst case scenario ( [4] , [5] ), TDPA consists in adding adaptive damping components in order to dissipate only the necessary amount of energy, computed using measurements of the forces and velocities being exchanged.
In TDPA, the communication channel is usually represented by one or more Time Delay Power Networks (TDPNs, [7] ), which are two port networks that exchange velocities and forces. In addition to constant or variable time delays, TDPNs can also model package losses in the signals being transmitted. Fig. 2 shows the signal flow of the TDPN. E M and E S are the energies computed on the master and slave sides, respectively. The in and out subscripts are used to represent the direction of flow, namely into or out of the channel. 
A sufficient condition for passivity of a TDPN network is that
where E L2R obs (t) and E R2L obs (t) are the observed left-to-right and right-to-left energy flows observed on the right and left-hand sides of the TDPN. T f and T b are the forward and backward delays, respectively.
One of the most common teleoperation schemes is the P-F architecture [15] , where the master velocity is sent through the channel and serves as desired velocity to the slave. In turn, the force produced by the slave-side controller is sent back to the master. Following the framework presented by Artigas et al. [16] , using a hybrid of circuit and network representation, the slave side of the P-F architecture can be represented as shown in Fig. 3 . There, the communication channel is represented by a TDPN. V m and V s are the velocities of the master and slave devices. F s is the force exerted by the slave-side controller. V sd is the delayed master velocity, andF m is the delayed slave control force applied to the master device. β and V ad are the admittancetype passivity controller and the drift compensation velocity source, which will be addressed subsequently.
B. Passivity Observer
In order to take into account the energy removed by the passivity controllers up to the previous time steps (E M PC (k −1) and E S PC (k − 1)), the energy flow on each side of the TDPN is computed as
C. Passivity Controller
The passivity controller acts as an adaptive damping in order to guarantee the passivity of the channel. It can be applied in impedance or admittance configuration, according to the architecture requirements. In Fig. 3 the PC (β ) is being applied in admittance configuration in order to modify the velocity coming out of the channel.
In order to fulfill the passivity conditions from (8) and (9) for the Cartesian-space task, two constructions for the passivity controller are possible, namely the concatenated version and the coupled one.
1) Concatenated PO-PC: The concatenated version consists of adding a passivity observer to each degree of freedom (W i S (k)) and computing β as a diagonal matrix, whose diagonal elements β i are given by
where ∆T is the sampling time.
2) Coupled PO-PC: In addition to the concatenated version, the passivity controller can be applied in a coupled manner. For that purpose, the impedance PC presented by Ott et al. [17] can be adapted to the admittance case as
where
For both cases, the velocity removed by the passivity controller from the delayed master velocity in order to keep the system passive will be
and the resulting velocity used as a reference by the slave will be
assuming all velocities are represented in the same frame.
IV. MULTI-DOF DRIFT COMPENSATOR
A. Representation of Drift in SE(3)
Assuming the teleoperation task comprises the complete Cartesian space, the velocitiesV sd (k) and V sd (k) can be defined to be body velocities [18] in R 6 aŝ
whereD and D are the frames defined by the delayed master orientation and the orientation given to the slave as the reference, respectively. Moreover, v and ω are the translational and rotational body-velocity components, respectively, whose discrete-time integral in SE(3) can be defined as
where ω represents the skew-symmetric operator applied to ω [18] . Using the definitions above, the drift present in the system at a given time step (k) can be represented in SE (3) by
It can be noted from (17), (19), (20), and (21) that, if the PC acts at a time step, it will affect the value of H E for all future time steps. In case H E is not the identity matrix, there will be a drift between the delayed master pose and the pose given as reference to the slave.
B. Cartesian-Space Drift Compensation
In order to compensate for the drift caused by TDPA, an additional velocity signal V ad can be added to the delayed master velocity before it is checked by the PO. In Fig. 3 the drift compensator is represented by a current source. It can be noted that, since V ad is applied before the point where the energies are computed, the modified velocityV sd (k)+V ad (k) will be checked and corrected for passivity. This guarantees that the compensation action will only be applied when so-called "passivity gaps" appear, i.e., when W S (k) from (11) would be greater than zero. Therefore, the compensator would not compromise the stability of the system. From Fig. 3 , it can been seen that, when the drift compensator is added, (17) becomes
where Ad E (k) is defined as [18] Ad
In order to reduce the drift between master and slave devices whenever allowed by the aforementioned passivity conditions, the following law can be used
where K T ∈ R 3×3 and k R ∈ R are the translational and rotational gains of the compensator, and θ E (k − 1) ∈ R and r E (k −1) ∈ R 3 are the angle and axis components taken from an angle-axis representation of R E (k − 1), such that
C. Convergence Analysis
As mentioned in Section IV-A, in order to keep passivity, the proposed compensator is only able to reduce the drift when energy gaps are present. During the moments when the passivity controller is acting to reduce the delayed master velocity coming from the channel, the accumulation of drift is unavoidable. For that reason, this section aims to analyze the convergence characteristics of the compensator during the moments where it is allowed to act.
At the moments where the compensation action is allowed, (22) becomes
By defining a velocity error V E (k), (27) becomeŝ
When defining H E (k) recursively as
with ω E (k) and v E (k) represented in theD frame, it follows from the compensation law (24) that, using angle axis representation, the rotational part of (29) becomes
Likewise, the translational part becomes
It can be verified that, a sufficient condition for convergence is that both, the eigenvalues of K T and k R , should be positive and less than 2.
It is also interesting to note that, if the gain matrices are chosen to be identity matrices, the drift converges within one time step. This can be seen as the multi-DoF extension of the compensators proposed in [10] and [11] . However, in case the force peaks described in [11] are undesirable, other values within the convergent range could be chosen. In that case, the proposed compensator can be considered as an extension of the one previously presented by the authors [12] . 
V. VALIDATION RESULTS
A. Overview
This section provides experimental results performed using two 3-DoF devices (Section V-B), as well as numerical simulation results of teleoperation of the model of the Suspended Aerial Manipulator from Fig. 1 (Section V-C) . In order to show the efficacy of the proposed compensator when both concatenated and coupled passivity controller approaches are applied, Section V-B focuses on the implementation of the former while Section V-C shows results for the latter. 
B. Experimental Evaluation
In order to validate the proposed compensator on multiDoF devices, telemanipulation experiments were performed using two 3-DoF translational haptic devices. Firstly, the concatenated PO-PC alone was applied to passivate the communication channel, set to artificially add 200 ms roundtrip time delays (T rt ). Subsequently, the translational part of the proposed compensation law (see (24)) was applied.
Figs. 4 and 5 show position and control forces, respectively, of the master and slave devices for the noncompensated case. Fig. 6 shows the master-input and slaveoutput energies observed on the slave side. It can be seen that, in order to ensure passivity of the channel, not only the impedance-type PC intermittently reduced the force values (Fig. 5) , but also the admittance-type PC removed part of the velocity coming from the master, generating significant drift (see Fig. 4 ).
Figs. 7-9 show position, force, and energy values, respectively, for the case when the proposed drift compensator was applied. It can be seen that the compensator was able to completely remove the drift in the y-and z-axes (Fig. 7) . However, an offset can still be observed in the x-axis. This is due to the fact that not enough passivity gaps appeared in order to compensate for the drift in a passive way. The occurrence of passivity gaps depends on the system dynamics, the task being performed and the delay of the channel.
C. Numerical Simulation
In order to show the applicability of the proposed orientation drift compensation law, the proposed compensator was applied to the orientation of the end-effector of a simulated Suspended Aerial Manipulator when round-trip communication delays of 700 ms were present. In the results presented in this section, the coupled PO-PC implementation was used (see Section III-C).
Although being a redundant manipulator, a decoupling control law was applied so that the nullspace dynamics would not affected the Cartesian-space task (see Section II).
Figs 10-12 depict the orientation, Cartesian tool-frame torques, and slave-side energy signals computed when applying coupled TDPA without drift compensation. It is important to note that Roll-Pitch-Yaw angles were used in order to facilitate the understanding of the orientation plots. However, this representation is not used in the compensation law. From Fig. 10 , significant drift caused by the admittancetype PC can be observed in all axes. In addition, the overall tracking capability of the controller was also reduced by the passivity controller.
When drift compensation was added (Figs. 13-15 ), it can be noted that the drift converged to zero in the three axes (see Fig. 13 ). Adding to that, it can be seen that the tracking capabilities of the robot controller was preserved even in the presence of time delay. It is also important to remark that the control torques were not increased significantly when the compensator was applied (compare Fig. 11 with Fig. 14) .
VI. CONCLUSION
This paper presented an extension of the previously proposed TDPA-based drift compensators to multi-DoF Cartesian-Space teleoperation. A convergence analysis has also been provided. It has been shown that, if the gain is set within certain bounds, the proposed approach is able to reduce the drift caused by the passivity controller in case it is able to do so without violating the passivity condition. That analysis also provided an insight about the cause of force spikes, which are generated when the drift is set to converge within one time step. In addition, hardware experiments and numerical simulation results demonstrated the applicability of the proposed compensator to time-delayed bilateral teleoperation of multi-DoF devices, when using both concatenated and coupled PO-PC implementations. Future work will involve applying teleoperation methods to the nullspace of redundant manipulators. 
